To determine the diagnostic performance of magnetic resonance (MR) elastography in comparison to spleen length and dynamic contrast material-enhanced (DCE) MR imaging in association with esophageal varices in patients with liver cirrhosis by using endoscopy as the reference standard.
Purpose:
To determine the diagnostic performance of magnetic resonance (MR) elastography in comparison to spleen length and dynamic contrast material-enhanced (DCE) MR imaging in association with esophageal varices in patients with liver cirrhosis by using endoscopy as the reference standard.
Materials and Methods:
This retrospective study received institutional review board approval, and informed consent was waived. One hundred thirty-nine patients with liver cirrhosis who underwent liver DCE MR imaging, including MR elastography, were included. Hepatic stiffness (HS) and spleen stiffness (SS) values assessed with MR elastography, as well as spleen length, were correlated with the presence of esophageal varices and high-risk varices by using Spearman correlation analysis. The diagnostic performance of MR elastography was compared with that of DCE MR imaging and combined assessment of MR elastography and DCE MR imaging by using receiver operating characteristic analysis. MR elastography reproducibility was assessed prospectively, with informed consent, in another 15 patients by using intraclass correlation coefficients.
Results:
There were significant positive linear correlations between HS, SS, and spleen length and the grade of esophageal varices (r = 0.46, r = 0.48, and r = 0.36, respectively; all P , .0001). HS and SS values (. 4 .81 kPa and .7.60 kPa, respectively) showed better performance than did spleen length in the association with esophageal varices (P = .0306 and P = .0064, respectively). Diagnostic performance of HS and SS in predicting high-risk varices was comparable to that of DCE MR imaging (P = .1282 and P = .1371, respectively). When MR elastography and DCE MR imaging were combined, sensitivity improved significantly (P = .0004). MR elastography was highly reproducible (intraclass correlation coefficient . 0.9).
Conclusion:
HS and SS are associated with esophageal varices and showed better performance than did spleen length in assessing the presence of esophageal varices. MR elastography is comparable to DCE MR imaging in predicting the presence of esophageal varices and high-risk varices, but, when assessed in combination, sensitivity is higher.
Online supplemental material is available for this article.
Patients
Between November 2010 and March 2012, 533 consecutive patients with liver cirrhosis based on imaging findings or clinical and/or laboratory data were referred to our radiology department for liver MR imaging, in which method to assess esophageal varices, particularly high-risk varices. In this context, there have been several attempts to find noninvasive parameters that may help identify patients with esophageal varices or suggest the risk of variceal bleeding in patients with cirrhosis, such as spleen length, portal vein diameter, Child-Pugh score, platelet count, prothrombin time, or a combination of multiple indexes, as well as ultrasonographic (US) elastography (16) (17) (18) (19) (20) (21) (22) . However, none of these variables has been validated satisfactorily in an independent series of cirrhotic patients (23). A recent meta-analysis of 14 studies in which 10 panels of indirect blood markers were examined in patients with chronic hepatitis C demonstrated that these markers cannot reliably differentiate stages of fibrosis in individual patients (24). In the past several years, elastography performed with US and magnetic resonance (MR) imaging has been introduced as a noninvasive technology for the diagnosis and monitoring of liver stiffness. In addition, hepatic stiffness (HS) and spleen stiffness (SS) measured with MR elastography have been suggested as potential parameters to identify the presence of esophageal varices (25,26). To our knowledge, however, no studies have been conducted to compare the usefulness of HS and SS in assessing the association with esophageal varices in patients with cirrhosis. Thus, the purpose of our study L iver cirrhosis is defined pathologically as fibrosis and inflammation of the liver, which is mainly caused by chronic hepatitis B virus infection, chronic hepatitis C virus infection, nonalcoholic steatohepatitis, nonalcoholic fatty liver disease, and chronic alcohol abuse (1) (2) (3) (4) . It is known to lead to metabolic hepatic failure, as well as portal hypertension. The population of patients with cirrhosis has been observed to be growing, along with increased incidence of hepatitis C virus infections and increased detection of nonalcoholic steatohepatitis or nonalcoholic fatty liver disease (5,6).
One of the major complications of portal hypertension is the development of esophageal varices, which occur in approximately 30%-70% of patients with cirrhosis and have been shown to be correlated with the severity of liver disease (7-9). Considering that the mortality rate of variceal bleeding remains high (10-14), screening endoscopy for esophageal varices is recommended for all patients with established cirrhosis (14,15). Unfortunately, endoscopy is invasive, uncomfortable, expensive, and time consuming and frequently requires sedation. Therefore, there is a clinical demand for a noninvasive yet sensitive Implications for Patient Care n In the setting of advanced cirrhosis, even though MR elastography cannot replace or eliminate the need for endoscopy, it can play an adjunctive role in detecting esophageal varices, with diagnostic accuracy comparable to that of DCE MR imaging.
n By adding MR elastography to DCE MR imaging, clinicians may attain better sensitivity for the detection of esophageal varices than that achieved by using DCE MR imaging alone.
Advances in Knowledge
n Hepatic and splenic stiffness measurements at three-dimensional MR elastography are associated with esophageal varices and would be more helpful than the morphologic changes of the spleen, which are the traditionally accepted indicators of liver cirrhosis (P = .0001 and P = .0001 for the presence of esophageal varices, respectively; and P = .046 and P = .049 for high-risk varices, respectively).
n Combined assessment of MR elastography and dynamic contrast material-enhanced (DCE) MR imaging significantly increased the sensitivity for the detection of varices of any grade compared with DCE MR imaging alone (84.6% vs 74.4%, P = .0004). The diagnosis of cirrhosis was assigned on the basis of liver pathology findings (n = 69) or a combination of typical clinical findings (symptoms and stigmata of cirrhosis and its complications), radiologic findings (morphologic changes of the liver, splenomegaly, ascites, and collateral vessels), and the results of laboratory examinations, including ChildPugh classification (n = 70). The causes of liver cirrhosis were hepatitis B (n = 84), hepatitis C (n = 27), both hepatitis B and C (n = 1), chronic alcohol abuse (n = 13), primary biliary cirrhosis (n = 3), recurrent pyogenic cholangitis (n = 1), autoimmune hepatitis (n = 1), or an unknown cause (n = 9). EGD was performed by one of five gastroenterologists. All operators used the following classification of esophageal varices (13): 0, no varices; 1, varices run straight; 2, varices show a beaded appearance; and 3, varices run oblique and are tortuous, with a tumorlike appearance ( Fig 2) . Patients were divided into two groups-a low-risk group with no or small varices (grade 0 or 1) and a high-risk group with large varices (grade 2 or 3)-on the basis of the probability of developing esophageal variceal bleeding (29) . The mean interval between MR elastography and endoscopy was 23.0 days (range, 0 to 168 days).
Clinical follow-up was performed to assess whether bleeding had occurred by reviewing electronic medical records.
In the high-risk group, 15 patients had undergone prophylactic variceal ligation after acquisition of MR images and MR elastography images; thus, they were not included in the follow-up group. Another 15 patients (age range, 54-81 years; seven men and eight women) with liver cirrhosis were recruited separately to evaluate the repeatability of liver and spleen stiffness measurements assessed with MR elastography from December 2012 to January 2013. 
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The same reader performed the region of interest measurement of liver and spleen stiffness by applying the same technique described earlier. Two sessions of measurements were conducted with a 2-week separation. Mean liver stiffness and maximum liver stiffness values within three sections in each session were calculated for further statistical analyses.
In addition, a large amount of ascites at the perihepatic space was assessed, along with whether the liver or spleen had iron depositions. Iron accumulation was defined as either the presence of definite low signal intensity on T2*-weighted MR images or reduced signal intensity on in-phase images as compared with opposed-phase images.
Analysis of Esophageal Varices by Using DCE MR Imaging
Two abdominal radiologists (J.H.Y. and M.H.Y, each with 6 years of experience), who were blinded to the patients' physical findings, laboratory values, previous imaging results, and endoscopic results, independently interpreted DCE MR images by using the portal phase and 3-minute delayed phase images to detect the presence of esophageal varices and high-risk esophageal varices. In the first session, they were blinded to the stiffness values of the liver and spleen, and in the second session, they were provided with the stiffness values of the liver and spleen. Prior to the interpretation session, radiologists underwent a training session by using 10 cases with various grades of esophageal varices. The cases in the training session were not included in the interpretation session. On the basis of a prior study by Kim et al (37) , each radiologist determined the presence of esophageal varices by using a four-point confidence scale (1 = definitely absent, 2 = probably absent, 3 = probably present, and 4 = definitely present), as well as the approximate size, by measuring the diameter of the largest observed varix. Sensitivity for the detection of biochemical data, as well as the grade of esophageal varices, measured the spleen length and stiffness of the liver and spleen. The splenic length was obtained by multiplying the number of sections where the spleen was visualized by the thickness of the sections (32) (33) (34) . The reader referenced conventional MR images and placed three circular or oval-shaped regions of interest in the right lobe of the liver and adjusted them geographically according to adjacent anatomic landmarks, by using three different sections (mean, 6384.1 mm 2 6 2919.4; range, 1577.7-11 092.1 mm 2 ). Bile ducts, large vessels within the liver and fissures, artifacts from motion (including pulsation artifacts from the heart and aorta), areas with poor signal-to-noise ratio, the region just below the driver, the left lobe of the liver, and regions without adequate magnitude signal or wave amplitude were avoided (26, 35, 36 
MR Imaging and MR Elastography Protocols
All MR images were obtained with a 1.5-T whole-body MR imaging unit (Signa HDx; GE Healthcare, Milwaukee, Wis) by using an eight-channel torso phasedarray coil centered over the liver. MR elastography was performed at the end of the examination after obtaining standard precontrast liver MR images, prior to gadoxetic acid injection. Imaging was conducted with the patient in the supine position, with an acoustic pressure-activated driver placed against the body wall adjacent to the liver. Low-frequency longitudinal mechanical waves of 60 Hz were transmitted into the right lobe of the liver by a passive driver (synchronized with the imaging sequence), which was placed against the right chest wall over the liver, with the center of the driver at the level of the xiphisternum (30, 31) . Thirty-two axial sections were obtained for each MR elastography examination from the dome to the tip of the liver. Details of the MR protocol are given in Appendix E1 (online). Two authors (R.L.E. and K.J.G.) and the Mayo Clinic hold intellectual property for the MR elastography technique.
MR Elastography Analysis
One reader (S.U.S., with 3 years of experience in liver MR imaging) who was blinded to the patients' clinical and 
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Statistical Analysis
Correlation analyses were performed between esophageal varices and MR elastography values and splenic length. To determine the diagnostic accuracy for the prediction of the presence of varices or high-risk varices and for the association with unprotected variceal bleeding, the mean area under the receiver operating characteristic (ROC) curve (AUC), sensitivity, and specificity were calculated. To evaluate the added value of MR elastography, the diagnostic accuracy of a combined varices was determined by using the number of patients with varices assigned a score of 3 or 4. A quantitative cutoff for high-risk varices was chosen as those larger than 2 mm in diameter as seen on MR images, on the basis of previous investigation (37) . In addition, one reader (S.U.S.) reviewed all DCE MR images and contrast-enhanced CT scans (mean interval between MR imaging and CT, 8.2 days 6 12.7; range, 0-66 days) to evaluate collateral venous channels for false-positive cases. technique by using MR elastography and DCE MR imaging was compared with that of DCE MR imaging alone. The reproducibility of liver and spleen stiffness was also evaluated. All statistical analyses, except ROC curves, were performed by using the SPSS software package (SPSS, version 19.0; SPSS, Chicago, Ill). Results from ROC curves were obtained by using MedCalc software (MedCalc Software, Mariakerke, Belgium). A P value less than .05 was considered to indicate a significant difference. Details of the statistical analyses are provided in Appendix E1 (online).
Results
Patient Characteristics
Among 139 patients, 78 (56.1%) had esophageal varices (33 patients, grade 1; 40 patients, grade 2; and five patients, grade 3; Table 1 ). In the highrisk group, 15 patients had undergone prophylactic variceal ligation after acquisition of MR images and MR elastography images and thus were not included in the follow-up group to determine whether bleeding had occurred. (Fig 3) . Representative images are displayed in Figure 4 .
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Independent Predictive Factors for Esophageal Varices and Variceal Bleeding
Multivariate logistic regression analysis showed that HS and SS were significant independent factors associated with the presence of varices (P = .0035 and P , .0001, respectively) and high-grade varices (P = .0158 and P = .0026). For association with variceal bleeding, only HS was a significant independent predictor (P = .0038).
Diagnostic Performance of MR Elastography in Identifying Varices and Assessing the Risk of Variceal Bleeding as Compared with DCE MR Imaging
In pairwise comparisons of ROC curves, DCE MR imaging, HS, and SS allowed better assessment of the presence of varices compared with spleen length (P = .0021, P = .0001, and P = .0001, respectively; Table 2 , Fig 5) . However, there were no significant differences between DCE MR imaging and HS or SS (P = .55 and P = .84, respectively) or between HS and SS (P = .77).
In pairwise comparisons of ROC curves, DCE MR imaging, HS, and SS allowed better demonstration of highrisk varices than did spleen length (P = .0004, P = .046, and P = .049, respectively; Table 3 , Fig 6) . There were no significant differences between DCE MR imaging and HS or SS (P = .13 and P = .14, respectively) or between HS and SS (P = .93).
In our study, MR elastography showed several cases of false-positive diagnoses for esophageal varices (18
Correlation of MR Elastography and Spleen Length with Esophageal Varix Grade
Mean values of HS and SS measured with MR elastography were significantly lower in the group without esophageal varices than in the group with varices of any grade (4.5 kPa vs 6.6 kPa and 6.4 kPa vs 8.8 kPa, respectively; both P , .0001). HS and SS Another 11 patients experienced unprotected variceal bleeding during the follow-up period. Age, sex, disease origin, and interval between MR elastography and EGD did not show any statistical differences between the two groups. There were 64 patients with iron deposition in the liver and 41 patients with iron deposition in the spleen. 
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Shin et al MR imaging alone for the detection of varices of any grade (84.6% vs 74.4%, P = .0004). There were no significant or the high-risk group (0.832 vs 0.806, P = .34). However, sensitivity increased significantly compared with that of DCE for HS and 13 for SS) or high-risk varices (41 for HS and 32 for SS). In all cases of false-positive diagnoses for esophageal varices and high-risk varices, we found dilated collateral veins other than esophageal varices, such as distal splenorenal shunts, retroperitoneal veins, recanalized periumbilical veins, and epigastric veins. Also, in our study, there were 11 false-negative cases that showed low HS values, despite the presence of esophageal varices. Among 11 false-negative cases, seven patients had iron deposition in the liver, which was present on T2*-weighted images or in-and opposedphase images, which caused a decrease in signal intensity on the elastogram; two patients had a large amount of ascites in the perihepatic space that may have possibly interrupted the wave transmission to the liver. In the high-risk group without prophylactic variceal ligation, HS was significantly higher in patients with variceal bleeding (n = 11) than in those without variceal bleeding (n = 19) (6.4169 vs 7.9802, P = .016), but SS did not show a significant difference (8.9664 vs 6.6505, P = .77). HS, SS, and DCE MR imaging were factors associated with unprotected variceal bleeding (P , .0001, P = .03, and P , .0001, respectively), whereas spleen length was not (P = .13). The AUC of HS was significantly higher than that of SS (0.795 vs 0.673, P = .01). However, there were no significant differences between DCE MR imaging and HS or SS (P = .92 and P = .09, respectively; Table 4 ). ROC analysis conducted by using HS as a binary variable with the cutoff value of HS (.4.81 kPa) obtained previously from the ROC curve for high-risk varices demonstrated an AUC of 0.579 (P = .066), sensitivity of 100%, and specificity of 15.8%.
Additional Value of MR Elastography in DCE MR Imaging
When both MR elastography and DCE MR imaging were taken into account and then compared with the result of DCE MR imaging, AUC did not change significantly for the group with varices of any grade (0.874 vs 0.839, P = .06) 
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Shin et al differences in sensitivity for the highrisk group (86.7% vs 77.8%, P = .12) and specificity for the group with varices of any grade (90.2% vs 93.4%, P = .34) and high-risk varices (79.8% vs 83.5%, P = .14; Table 5 ). 
Repeatability of MR Elastography
Discussion
The results of our study indicate that HS and SS values measured on 3D, three-axis MR elastography images obtained by using the spin-echo echo-planar imaging technique correlated well with esophageal varices. In addition, the diagnostic accuracy of MR elastography in the prediction of esophageal varices is comparable to that of DCE MR imaging, while combined assessment of MR elastography and DCE MR images can increase diagnostic sensitivity. These results are in good agreement with those of other studies, which also demonstrated that liver stiffness values measured with transient US elastography were associated with the presence of esophageal varices (38) (39) (40) (41) . However, there is some debate regarding the correlation between HS and SS in patients with chronic liver diseases when using MR elastography (26,42). In our study, there was no significant difference between HS and SS in assessing the presence of varices or identifying high-risk varices. When a cutoff value of more than 4.81 kPa was used for HS, however, 100% sensitivity for high-risk varices was observed, and there was a significant difference in HS in patients who had esophageal variceal bleeding versus those who did not. Currently, the American Association for the Study of Liver Diseases guidelines suggest that all patients with cirrhosis should undergo regular screening endoscopy (14). If we intensity, resulting in poor wave depiction on echo-planar images. In our study, however, many cases showed good signal intensity at MR elastography, even though they had parenchymal iron deposition. Therefore, further studies are warranted to better explore the relationship between the echoplanar MR elastography sequence and iron deposition. Second, there were 17 patients with technical failure of MR elastography image acquisition. Several other previous studies have also demonstrated that patients with ascites, colonic interposition, and excessive subcutaneous or mesenteric fat are likely to have improper propagation of shear waves, even though the technical failure rate of MR elastography is much lower than that of US-based elastography (38, (48) (49) (50) (51) . There were several limitations in our study. First, given the retrospective nature of our study, the possibility of selection bias exists, with the low percentage of patients with high-risk varices. Second, the time window between EGD and MR elastography examinations was relatively long in some patients (up to 168 days). Third, we tested the reproducibility of MR elastography in another, separate test population (n = 15). However, all stiffness values were measured by one reader, although reader variability would be another weakness of our study. Further studies on the reproducibility of MR elastography are warranted, even though other investigators have previously reported its high reproducibility (45, (52) (53) (54) (55) . Last, although there were 45 patients in the high-grade varices group, 15 of them had undergone prophylactic variceal ligation to prevent variceal bleeding after acquisition of MR images, and 10 patients experienced variceal bleeding. Therefore, the direct relationship between HS and SS and the occurrence of esophageal variceal bleeding was not fully analyzed in our study. In addition, there was a lot of overlap between groups. This suggests that, for individual patients, the technique may be of limited value in grading varices. Despite these limitations, we found that hepatic and splenic stiffness our study, there were 11 false-negative cases that showed low HS values, despite the presence of esophageal varices. Iron deposition and large ascites would also partly explain these falsenegative cases. Another possibility, as some other investigators have suggested, is that false-negative results may be due to portal hypertension, which precedes the development of hepatic fibrosis (21,26,45).
The 3D MR elastography sequence we used had been used previously in clinical studies. However, problems still remain with this approach. First, although the spin-echo nature of echoplanar image acquisition makes it more resistant to signal loss than the gradient-echo sequence, because of iron deposition, measured stiffness values can be erroneously low in cases of severe iron deposition in the liver or spleen (26, 46, 47) . This is because iron deposits can increase magnetic susceptibility, which can decrease signal were to add MR elastography to routine MR imaging performed for cancer surveillance or management of cirrhosis, MR elastography may play a useful adjunctive role by allowing better targeted, more cost-effective application of diagnostic and therapeutic endoscopy in cirrhotic patients.
In our study, MR elastography showed several cases of false-positive diagnoses for esophageal varices (18 for HS and 13 for SS) or high-risk varices (41 for HS and 32 for SS). In those patients, although there were neither varices nor high-risk varices, high stiffness values were noted. Interestingly, we also observed that in all false-positive cases in our study, there were dilated collateral veins other than esophageal varices. In severe liver fibrosis or cirrhosis with portal hypertension, it is not surprising that hypertensive portal blood flow could drain through many other pathways, not only through esophageal varices (41,43,44) . Also, in 
